The NAC (NAM, ATAF and CUC) 
Introduction
one of the most essential mechanisms used to control gene expression is regulation of transcription initiation. the protein location, transcriptional activity and binding of transcription factors to DnA play important roles in transcription regulation. in plants, almost all molecular reactions of biological response need activation of downstream genes expression, which is largely regulated by specific transcriptional factors (8). Nuclear proteins of these factors contain a distinct type of DnAbinding domain, which binds to specific cis-acting element in the DnA regulatory regions (e.g. promoters, enhancers) of the downstream genes. thus transcriptional factors control the activation or repression of these genes (5) .
nAc (nAM, AtAF and cUc) proteins are one of the largest plant-specific families that play important roles in plant growth and development (7). the n-terminal region of these proteins contains a highly conserved nAc domain, which may form a helix-turn-helix structure that specifically binds target DnA (1). the c-terminal region of nAc proteins is a putative transcriptional activation region (tAR) and shows high divergence in its amino acid sequence. About 180 NAC family proteins have been predicted from Rice and Arabidopsis (75 loci in Rice, 105 loci in Arabidopsis). these putative proteins were classified into two primary groups by computational method for protein homology detection (9). the primary group i could be divided into 14 subgroups (teRn, onAc022, SenU5, nAP, AtNAC3, ATAF, OsNAC3, NAC2, ANAC011, TIP, OsNAC8, osnAc7, nAc1 and nAM), and the primary group ii was composed of the residual 4 subgroups (AnAc011, onAc003, onAc001, AnAc063) (9). Another thirteen common sequence motifs were detected from transcriptional activation regions in the c-terminal regions of predicted nAc proteins (9). it is clear that many motifs probably diverged having correlations with NAC domain structures. The identification of targeting DnA in the nAc protein family has only recently been pursued. in a yeast one-hybrid screen, the either of three stress-inducible Arabidopsis NAC genes ANAC019/ANAC, ANAC055/AtNAC3 and ANAC072/RD26 bound a fragment of the early responsive to dehydration stress 1 (eRD1) promoter. Substitution analysis identified CACG as the core sequence recognized by the AnAc proteins in the eRD1 promoter (10). These NAC proteins all specifically bound to the CATGTG motif, and the RD26 is probably involved in a novel ABA-dependent stress signaling transduction pathway (4). these studies indicate possible roles of nAc proteins as a transcriptional factor. however, the knowledge of how to use nAc protein generated from the model plant to explain other crop plants has been not clear.
Peanut is one of the most important cash crops in the world. the characteristics of peanut proteins have revealed very little variability at the molecular level (2) . We reported the isolation and transcriptional characterization of a peanut nAc gene, AhNAC2 (Arachis hypogaea NAC2) (GenBank accession No. eU755023), which contains an oRF of 1 050 bp and encode a protein of 349 amino acids (6). Gene sequence analysis showed that the putative protein of AhnAc2 contained conserved nAc domain and highly different c terminal, which are typical characteristics of nAc transcription factors. Meanwhile, the expression of AhNAC2 gene at transcription level was enhanced by ABA, GA3, water stress and cold stress respectively (6). in the present study, it is indicated 
MOLECULAR CHARACTERIZATION OF ARACHIS HYPOGAEA NAC 2 (AHNAC2) REVEALS IT AS A NAC-LIKE PROTEIN IN PEANUT

Materials and Methods
Subcellular localization of AhNAC2 fusion protein the subcellular localization vector was constructed by replacing the GUS fragment of pBI121 (Clontech, USA) with GFP cDnA following the 35S caMV promoter. the coding region of AhNAC2 cDnA without the termination codon was amplified from peanut cDNA using the following primer pairs: 5'-TGCTCTAGAGCA ATG GGA ATT CAA GAG AAA GAC CCT C-3' and 5'-CGCGGATCCGCG TTG CCT GAA CCC GAA CCC AAC C -3' (the underlined parts denote the XbaI or BamHI site, respectively). The amplified product was inserted into the upstream multiple cloning sites of GFP frame for creating an AhNAC2-GFP fusion. isolation of peanut mesophyll protoplasts and transformation were conducted as described by modified Yoo and Sheen's method (11). Young leaves (0.5 g) from 2-weeks-old peanut were sliced with a razor blade into 1 to 2 mm strips and placed in a 0.65 M sorbitol, 0.2 mM cacl 2 , and 0.5 mM MeS holding solution (ph 6.0). the leaf pieces were rinsed once with the same holding solution and incubated in a culture dish at 26°c with 20 ml of cell wall digestion enzyme mixture containing 2% purified cellulose R10 (Onozuka, Japan), 0.5% macerozyme R10 (Onozuka, Japan), 0.5 M mannitol, 0.2 mM CaCl 2 , 0.1% BSA, and 0.5 mM Dtt. Recombinant expression plasmids were introduced into peanut mesophyll protoplasts by PEGmediated transformation. The expression of the AhNAC2-GFP fusion protein in peanut mesophyll protoplasts was observed by fluorescence microscopy (IX71-12FL/PH, OLYMPUS, Japan) at 12 h after transformation. Photomicrographs were recorded in optimal scopes magnification (40 × Object lens). Nuclei were stained with Hoechst33258 (Sigma-Aldrich, USA) for observation of nuclear localization.
Yeast transactivation assay
For the transactivation assay, complete and partial sequence of AhNAC2 open reading frame (oRF) and RD26 complete oRF sequence were generated by PcR with special primes (Table  1) . These products were fused in frame with the yeast GAL4 DNA binding domain in the vector pGBTK7 (Clontech, USA) between the ncoi and Bamhi sites (Fig. 3A) . the yeast strain Ah109, harboring the HIS3 and LacZ reporter genes, was transformed with the recombinant plasmid. the transformed yeast strain was plated on SD/trp -medium and cultured at 30°c. hiS3 activity was assessed by conducting a viability test on a histidine-lacking medium with 10 mM 3-At (3-amino-1,2,-triazole, Sigma, USA). lacZ activity was tested by the β-galactosidase filter lift assay according to the manufacturer's instructions (clontech, USA). Electrophoretic mobility shift assays (EMSAs) the coding frame of AhNAC2 was amplified using the primer pairs: AhNAC2-pro forward, 5'-tAcGTCGACGA ATG GGA ATT CAA GAG AAA GAC CCT C-3'; and AhNAC2-pro reverse, 5'-TGCTCTAGAGC TTA TTG CCT GAA CCC GAA CCC AAC C-3' (the underlined parts denote the SalI and XbaI enzyme digest site, respectively). The amplified product was cloned into the pProeX hta vector (novagen, Germany) and transferred into Escherichia coli Bl21 cells (Amersham Biosciences, USA) to produce a his-tagged AhNAC2 fusion protein. The fusion protein was purified using a Ni-NTA Agarose column (QIAGEN, Netherlands) according to the manufacturer's instructions. eMSA was performed as described by the manufacturer's protocol of DIG Gel Shift Kit, 
For plasmids construct in GFP subcellular localization
For plasmids construct in Yeast transactivation Assay 2nd Generation (Roche, German). The 63 bp DNA fragment containing four copies of the normal or two mutant nAc binging elements (nAcRS, mnAcRS1 or mnAcRS2, Fig.  3C ) was synthesized as described (3). the DnA fragment was labeled at the 3'-end with digoxigenin (DIG) and the efficiency of the DIG labeling of oligonucleotides was tested according to the manufacturer's protocol. the DnA-binding reaction was allowed to proceed for 30 min at 20°c in 20 µl of binding buffer (20 mM HEPES/KOH, 30 mM KCl, 1 mM dithiothreitol (Dtt), 1 mM eDtA, 0.2% (w/v) tween 20, ph 7.6) that contained 100 ng labeled DNA probe and 500 ng purified recombinant protein. the resulting DnA-protein complexes were loaded on 8% polyacylamide gels with 60% glycerol in 0.5 × Tris-borate-EDTA buffers. After electrophoresis, DNAprotein complexes were transferred onto a hybond-n + nylon membrane (Amersham, USA) according to the manufacturer's protocol. the labeled oligonucleotides on the membrane were immunodetected and visualized as previously described (Roche, Germany).
Results and Discussion
the full-length cDnA of AhNAC2 (GenBank Accession No. eU755023) consists of 1565 bp nucleotides, including a 102 bp 5'-untranslated region (5'-UtR), a 413 bp 3'-untranslated terminal (3'-UtR) and a 1050 bp open reading frame (oRF) encoding a 349-amino-acid protein with a calculated molecular weight of 39.14 kDa and an isoelectric point of 7.35. the phylogenetic analysis revealed that the AhnAc2 protein belongs to the AtnAc3 subgroup, and all these subgroup proteins share highly conserved sequences at the nAc domain of n terminal and some unknown motifs of c terminal (Fig.  1B) . the common transcription factors possess three features: nuclear localization, transcriptional activity and specific DNA binding. -his + (i) and SD/his -added 10 µM 3-AT (ii) medium. The plates were incubated for 3 days and subjected to an X-β-gal assay (iii); C. In vitro binding of AhNAC2-His to the NACRE (NAC recognition elements). EMSA was performed using AhNAC2-His fuse protein, and DIG-labeled normal (NACRS) or mutant (mNACRS1, 2) probes. '+' indicates probes or proteins added, '-' indicates not added. Lane 1: His protein only with DIG-labeled NACRE probe as control; Lane 2: AhNAC2-His fusion with DIG-labeled NACRS probe; Lane 3 and 4: AhNAC2-His fusion with DIG-labeled mutated NACRS (mNACRE1 and mNACRE2) probes; Lane 5: AhNAC2-His fusion with DIG-labeled NACRS probe and two unlabeled mutated probes (NACRE1 and mNACRE2 ); Lane 6, 7 and 8: AhNAC2-His fusion with DIG-labeled NACRS probe and the addition of 1µg (10 × indicated +), 5µg (50 ×, indicated ++) and 10µg (100 × indicated +++) of unlabeled NACRS probes as DIG-labeled NACRS binding competitors; D. oligonucleotides sequences used in eMSA. the DnA probe contains four tandem repeats of NACRE containing a NAC recognition site (CATGT) and a core-binding site (CACG) named NACRS, as in Tran et al. (2004) and Bu et al. (2008) . To demonstrate the specificity of AhNAC2 binding to the NACRE, two mutant versions of NACRE were used: mNACRE1 (CTAGACCTCG) and mNACRE2 (GATCTCGAGC), the DNA probe mNACRS1 or mNACRS2 contain four tandem repeats of mNACRE1 or mNACRE2
The subcellular localization of AhNAC2 protein in peanut mesophyll protoplasts to determine the subcellular localization of AhnAc2 protein, transient expression of an AhNAC2-GFP fusion protein was carried out in peanut mesophyll protoplasts by PEG-mediated transfection. As shown in Fig. 2 (Fig. 2B, Fig. 2C and Fig.  2D ), after incubation of transfected protoplasts, bright green fluorescence was detected in the same place as stained with a nuclear fluorescent dye (Hoechst33258, Sigma) by blue fluorescence. This implies that AhNAC2 is localized in the nucleus of peanut protoplasts.
The transactivation activity of AhNAC2 protein in yeast to verify AhnAc2 as a nAc transcriptional activator, the full length and partial fragments of AhnAc2 oRF were fused to the GAL4 DNA binding domain (GAL4-DB) in the vector pGBKT7, and the fusion construct of GAL4BD-AhNAC2 (full length, 1-349aa), GAL4BD-AhNAC2-N (N terminus, 1-190aa) or GAL4BD-AhNAC2-C (C terminus, 191-349aa) was transformed into yeast strain Ah109 (Fig. 3A) . As full length and c-terminus fragment of the RD26 protein has transactivation activity (4), GAL4BD-RD26 (full length, 1-297aa) was also transformed into yeast strain Ah109 for a positive control and pGBKT7 for the vector control (Fig.  3A) . We observed that all yeast transformants grew well on SD medium lacking tryptophan (SD/trp -) (Fig. 3B i) . the yeast transformants of GAL4BD-AhNAC2, GAL4BD-AhnAc2-c and positive control could survive on the SD medium lacking histidine (SD/his -) with 10 μM 3-AT, whereas those of GAL4BD-AhNAC2-N and vector control were dead or unable to grow under in the same conditions (Fig. 3B ii) . In the colony-lift filter assay of 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-β-Gal), the LacZ activity of each yeast transformant was similar to the hiS3 activity (Fig. 3B  iii) . these suggest that AhnAc2, like other reported nAc proteins, exhibits transactivation activity and its activation domain is located in the region of the c-terminal.
The specific DNA binding of AhNAC2 protein in vitro nAc transcription factor RD26 could recognize two coherent DNA nucleotide sequence (the NAC core-binding site, CACG; and the NAC recognition sequence, CATGT) that is named nAcRes (10). to verify the binding activity of AhnAc2-his fusion protein to the nAcRe motifs, a 63 bp DnA segment with eight nAcRS motifs were designed as a tandem array spaced by a cytimidine (Fig. 3C) . The purified His-AhNAC2 fusion protein was interacted with a labelled DnA probe that contained four tandem repeats of the CATGTCCACG (named nAcRS, Fig. 3C ) and was retarded on Native-PAGE in running a gel mobility shift assay. A high-affinity DNA-protein complex was detected along with the free probe (Fig. 3D, lane  2) . To define the sequence specificity of the DNA-binding activities, we analyzed the binding activities of the AhnAc2-his fusion protein to two mutant DnA probes (mnAcRS1 and mnAcRS2, respectively, Fig. 3C ) with a two-base substitution between A and T or C and G. When DNA probes with mutations were tested, binding activity was not observed (Fig. 3D, lanes 3 and 4) . As a negative control, the his with nAcRe lost binding activity (Fig. 3D, lane 1) was used.
Furthermore, the DnA-binding activity was reduced with the addition of an excess of unlabeled nAcRS oligonucleotides probe (Fig. 3D, lanes 6-8) , and two unlabelled mNACRS1 and mnAcRS2 mutant probes lost their ability to compete with the labelled nAcRS probe for interaction with the AhnAc2-his fusion protein (Fig. 3D, lane 5) . these results suggest that the AhNAC2 protein could bind specifically to the NACREs DnA sequence in vitro.
Conclusions
in the present study, it is indicated that AhnAc2 is localized in the nucleus, and the c terminal of protein has transcriptional activity. The AhNAC2 protein binds to specific NACRE (NAC response elements) in vitro. taking ABA response of AhNAC2 gene into consideration, we suggested that AhnAc2 play the role in ABA signal transduction by acting as a transcriptional factor. the molecular function of AhnAc2 protein may be contributed to understanding the mechanistic investigation of peanut NAC genes and improving related properties of peanut by the transgenic plant technique.
